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Abstract— Due to the very limited size of the smartwatch, 
smartwatch antenna design is always a tough work, especially for 
the multi-band and small-size antennas. In this paper, we 
introduce a design method of the smartwatch antenna based on the 
theory of characteristic modes (TCM). The antenna could cover 
up to four bands including GPS L1, WLAN/Bluetooth 2.4-GHz, 
3.5-GHz 5G, and 4.9-GHz 5G. By utilizing the chassis (including 
the screen) of the smartwatch body, the antenna only needs two 
sections of the metal frame at the side of the smartwatch body with 
a total length of 59 mm, only 36% of the perimeter of the 
smartwatch body. Besides, this antenna takes full consideration of 
the smartwatch’s full screen, even uses it as part of the antenna. 
Furthermore, this antenna is applicable to a smaller ground rather 
than the whole watch area. By using TCM, antenna designers can 
make full use of the existing modes of the structure to design multi-
band smartwatch antenna. This method gives advantages of 
multiple bands, small size, small ground, and being applicable to 
the full-screen design. 
 
Index Terms—5G, characteristic modes, Internet of Things 
(IoT), full screen, screen antenna, smart watch antenna  
 
I. INTRODUCTION 
MARTWATCH is the wristwatch with the essence of a 
daily digital assistant. However, due to the very limited size 
of the smartwatch, smartwatch antenna design is always a tough 
work, especially for the multi-band and small-size antennas. 
Especially, for the lower-frequency bands, e.g., 1575-MHz 
GPS L1 and 2.4-GHz (2400-2480 MHz) WLAN/Bluetooth 
bands, enough electrical length should be ensured. The key 
indicators of the smartwatch antennas in present literature are 
summarized in Table I for comparison. As can be seen, most of 
the present antennas support one to three frequency bands. 
Multi-band antennas need larger sizes, occupying the whole 
perimeter and the side area of the smartwatch body. 
Besides, most of the existing literature does not take the 
screen into consideration. However, in a recent couple of years, 
one clear trend for smartwatches and other smart devices is the 
growth of the screen-to-body ratio [9]. The concept of full 
screen is prevalent. That is a big challenge for the antenna 
design because the metal-contained full screen will 
significantly degrade the radiation performance of the very 
close antennas. For example,  the antennas’ bandwidth will be 
narrowed, as proved in [9]. Flexible printed circuit (FPC) is an 
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essential part of the screen. It is used for electrically connecting 
the screen and the system PCB for transmitting and receiving 
signals [9]. As in the condition of practical products, the FPC 
should also be included in the antenna model.  
  
TABLE I 
SUMMARY OF FREQUENCY BANDS, SIZE, SCREEN, AND EFFICIENCY 
 OF SMARTWATCH ANTENNAS 
 
Frequency bands Full Screen 
Antenna size 
(unit: mm) 
GPS 
L1 
2.4-GHz 
WLAN/BT 
3.5-GHz 
5G 
4.9-GHz 
5G 
5-GHz 
WLAN 
  
[1]  √     37×1 
[2]  √     113×7 
[3] √  √ √   180×5 
[4] √ √   √  173×1.5 
[5]  √     180×5 
[6]  √ √ √   180×5 
[7]  √    √ 132×10 
[8]  √     16×6+6×2 
Proposed √ √ √ √  √ 43×3+16×4 
 
In this paper, we will introduce a design method of small 
multi-band smartwatch antenna based on the theory of 
characteristic modes (TCM). Firstly, the antenna covers up to 
four bands, including 1575-MHz GPS L1, 2.4-GHz 
WLAN/Bluetooth, 3.5-GHz 5G, and 4.9-GHz 5G. Secondly, by 
utilizing the chassis of the smartwatch body, the antenna only 
needs two sections at the side of the smartwatch body with a 
total length of 59 mm (only 36% of the perimeter of the 
smartwatch body). Thirdly, the antenna takes full consideration 
of the smartwatch’s full screen, even uses it as part of the 
antenna. Lastly, this antenna is applicable to a smaller ground 
rather than the whole watch area.  
II.CHARACTERISTIC MODE ANALYSIS  
In this section, the process of designing a smartwatch antenna 
with the theory of characteristic modes (TCM) is presented. In 
Part A, the structure of the smartwatch is analyzed, and the 
reason is given for applying TCM. The characteristic modes for 
the four frequency bands are analyzed from Parts B to D. Then, 
the arrangement of excitation is presented in Part E. 
A. Structure of Smartwatch 
The external size of the smartwatch model is 44 mm × 38 
mm × 10.7 mm, same with the 44 mm Apple Watch Series 4 
[10]. The screen panel is on the front side of the smartwatch. It 
is used for graphics display and human-machine interaction. 
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For the full-screen smartwatch, the screen panel almost covers 
the whole front side of the smartwatch body. In the proposed 
design, the gap width between the screen and the metal frame 
is only 1 mm, so the size of the screen is 42 mm × 36 mm. It 
means the screen-to-body ratio reaches 90.4%. The structure of 
the screens of smartphones has been analyzed in detail in [9]. 
The structure of the smartwatch’s screen panel is quite similar. 
Generally, it contains, from outside to inside, the glass cover, 
the touch panel, the liquid crystal display (LCD), the backlight, 
and the metal cover plate. These layers are combined closely in 
only a couple of millimeters. Thus, this multi-layer screen could 
be simplified and modeled as a single-layer printed circuit 
board (PCB).  
The system PCB is below and parallel to the screen. The size 
of the PCB is set as 34 mm × 28 mm, only 56.9% of the area of 
the smartwatch body. The screen and the PCB are electrically 
connected by the FPC. In this paper, the FPC is simplified and 
modeled as a conductive narrow strip connecting the screen and 
the PCB [9]. The spacing between the screen and the PCB is 
only 4 mm. Because the total height of the smartwatch is 10.7 
mm, the PCB is in the middle of the smartwatch body. Below 
the PCB, there could be other components, such as the large-
size heart rate monitor [11].  
Because of the above-mentioned structure, the antenna’s 
“ground” of the single-layer PCB for traditional smartwatch 
antennas turns to the “ground” of the connected parallel screen 
and PCB. In this situation, it is not suitable to directly apply the 
classical analytical methods, which are based on a single-plate 
ground [12]. Instead, we resort to TCM, because it could 
provide characteristic modes of an arbitrarily shaped metallic 
structure.  
In the following parts, the TCM method of designing the four 
desired frequency bands are presented step by step, from the 
lower to higher frequency, as shown in Fig. 1. For a clear 
observation of the inner structure, the screen at the front side of 
the smartwatch is shown in semi-transparent in this one and all 
the following figures. 
 
  
Fig. 1. Step-by-step design of the smartwatch antenna for the frequency bands 
of (a) GPS, (b) 2.4-GHz WLAN/Bluetooth and 3.5-GHz 5G, and (c) 4.9-GHz 
5G and the arrangement of excitation 
B. GPS L1 frequency band (1575 MHz) 
The function of the chassis (PCB) for the wireless terminal 
antennas is analyzed in [13]. The performance of the antenna 
could be analyzed based on an approximate decomposition of 
the antenna-element wave mode and the chassis wave mode. At 
lower frequency, the radiation losses by the chassis wave mode 
take a large percentage of the total power. As the frequency 
increases, the contribution of the antenna element wave mode 
grows larger. In light of this research, we also utilize the chassis 
for the design of lower frequency bands.  
For this smartwatch model, the concept of the chassis is 
expanded to the structure of the screen and the PCB connected 
by the FPC, as shown in Fig. 2. The lowest chassis mode could 
resonate at around 1575 MHz. The normalized eigencurrent 
distribution is shown in Fig. 3. It is a dipole mode. The control 
of the exact resonating frequency depends on the locations of 
the FPCs.  
 
Fig. 2 Smartwatch’s chassis 
   
(a)                              (b)  
Fig. 3. Normalized eigencurrent distribution of Chassis Mode 1 at 1575 MHz 
(a) on screen, and (b) structures other than screen 
C. WLAN/Bluetooth frequency band (2400-2480 MHz) 
However, except for the lowest chassis mode resonating at 
1575 MHz, there are not other chassis modes resonating lower 
than 3 GHz. So we add a stub to extend the electrical length of 
the PCB, as shown in Fig. 4. Then the revised PCB mode could 
resonate at around 2450 MHz. The normalized eigencurrent 
distribution of the revised PCB Mode is shown in Fig. 5. The 
eigencurrent goes along the narrow edge of the PCB and the 
stub. The total electrical length is about a half wavelength of 
2450 MHz. So, the longer the stub, the lower the resonant 
frequency. 
 
Fig. 4. A stub is added to the PCB 
 
 
 
(a)                               (b) 
Fig. 5. Normalized eigencurrent distribution of the revised PCB Mode at 2450 
MHz (a) on screen, and (b) on structures other than screen 
D. 3.5-GHz and 4.9-GHz 5G frequency bands (3400-3600 
MHz and 4800-5000 MHz)  
In order to cover the 3.5-GHz frequency band, the stub is 
extended in the opposite direction, as shown in Fig. 6. The 
normalized eigencurrent distribution of the stub mode is shown 
in Fig. 7.  
 
Fig. 6. The stub is extended in the opposite direction 
       
(a)                                (b) 
Fig. 7. Normalized eigencurrent distribution of stub mode at 3500 MHz (a) on 
screen, and (b) on structures other than screen 
 
Fig. 8. Characteristic angles of the combination of chassis and stub 
       
(a)                             (b) 
Fig. 9. Normalized eigencurrent distribution of longer edge PCB mode at 4900 
MHz (a) on screen, and (b) on structures other than screen 
Until now, the structure of the antenna includes the chassis 
and the stub. For this structure, the characteristic angles of the 
characteristic modes resonating generally lower than 6 GHz are 
all shown in Fig. 8. Among them, Modes 1-3 have been selected 
to be utilized.  
We notice that the length of the longer edge of the PCB is 34 
mm, as shown in Fig. 6. It is close to the half wavelength of 
4900 MHz. The corresponding mode is Mode 7 in Fig. 8. Its 
eigencurrent distribution is shown in Fig. 9. So, this mode will 
also be utilized. It is noteworthy that, as mentioned previously, 
the size of the PCB is usually predefined before the antenna 
design. It is very possibly that the resonating frequency of this 
mode will not definitely be 4.9 GHz. Instead, we will tune it by 
impedance matching network later.  
 
E. Excitation  
In this model, we select the capacitive coupler instead of the 
inductive coupler for exciting, to avoid cutting slots on the 
PCB. It is best for the capacitive coupler to be located at the 
minima of the current distribution (corresponding to the 
maxima of the electric field distribution) [14]. For the multi-
band antenna, the excited different bands are based on different 
modes, which present different eigencurrent distribution. The 
modal excitation coefficient (MEC) and the modal weighting 
coefficient (MWC) [15] are influenced by the feeding location. 
Thus, MECs and MWCs of different modes should be balanced 
in order to excite all the desired frequency bands successfully 
by a single feeding port. For this antenna, the capacitive coupler 
is at the left side of the PCB, with the location shown in later 
Fig. 10.  
 
III. MEASURED RESULTS 
After fine-tuning and adjustment of the dimensions, the 
detailed structure and dimensions of the proposed antenna are 
shown in Fig. 10 and Table II. The size of the PCB is 34 mm × 
28 mm. The size of the screen is 42 mm × 36 mm. The 
RO4003C 0.8 mm-thick laminates with the dielectric constant 
of 3.38 are used in the model for the screen and the PCB. The 
distance between the screen and the PCB is h = 4 mm. Because 
the total height of the smartwatch model is 10.7 mm, the PCB 
will lay in the middle of the smartwatch model, as in the same 
situation of Apple Watch Series 4 [16]. Thus, the distance 
between the PCB and the bottom of the smartwatch model is 
5.1 mm. 
          
 
 
 
 
Fig. 10. The structure and dimensions of the proposed antenna 
TABLE II 
DIMENSIONS OF THE PROPOSED ANTENNA 
Dimension Length (mm) Dimension Length (mm) 
L1 28 hs 3 
L2 15 hc 4 
ps 2 h 4 
ss 1   
 
 
 
 
Fig. 11. Simulated and measured reflection coefficient 
The simulated reflection coefficient before and after 
impedance matching, and the measured reflection coefficient of 
the prototype are shown in Fig. 11. The antenna could cover the 
four desired frequency bands with the reflection coefficient 
lower than -6 dB. Then, the prototype was measured in 
SATIMO microwave anechoic chamber. The simulated and 
measured efficiency and peek gain both in free space and on 
hand phantom are shown in Fig. 12. 
.  
 
Fig. 12. Simulated and measured total efficiency and realized peek gain in free 
space (FS) and on phantom 
IV.CONCLUSION 
In this paper, a design method of full-screen smartwatch 
antenna based on TCM is introduced. The antenna could cover 
up to four bands, including GPS L1, WLAN/Bluetooth 2.4-
GHz, 3.5-GHz 5G, and 4.9-GHz 5G. By utilizing the chassis 
(including the screen) of the smartwatch body, the antenna only 
needs 36% length of the perimeter of the smartwatch body. 
Besides, this antenna takes full consideration of the 
smartwatch’s full screen, even uses it as part of the antenna. 
Furthermore, this antenna is applicable to a smaller ground 
rather than the whole watch area. By using TCM, antenna 
designers can make full use of the existing modes of the 
structure to design multi-band smartwatch antenna. This 
method gives advantages of multiple bands, small size, small 
ground, and being applicable to full-screen smartwatch design. 
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